Abstract Food quality and safety is a scientific discipline describing handling, preparation and storage of food in ways that prevent food borne illness. Food serves as a growth medium for microorganisms that can be pathogenic or cause food spoilage. Therefore, it is imperative to have stringent laws and standards for the preparation, packaging and transportation of food. The conventional methods for detection of food contamination based on culturing, colony counting, chromatography and immunoassay are tedious and time consuming while biosensors have overcome some of these disadvantages. There is growing interest in biosensors due to high specificity, convenience and quick response. Optical biosensors show greater potential for the detection of pathogens, pesticide and drug residues, hygiene monitoring, heavy metals and other toxic substances in the food to check whether it is safe for consumption or not. This review focuses on optical biosensors, the recent developments in the associated instrumentation with emphasis on fiber optic and surface plasmon resonance (SPR) based biosensors for detecting a range of analytes in food samples, the major advantages and challenges associated with optical biosensors. It also briefly covers the different methods employed for the immobilization of bio-molecules used in developing biosensors.
Introduction
Food safety is always an important issue. Food quality and safety encompasses handling, preparation and storage of food in ways that prevent food borne illness. Food quality assumes greater significance in expanding global food trade also. There are many well established analytical techniques such as HPLC, GC, etc. for analysis of food contaminants. However, tedious sample preparation is a major issue with these methods. Though, instrumental analytical protocols are gold standards for a strict control of food quality and safety, there is a need for complementary techniques to detect quality parameters and safety threats in the field of rapid screening. With the surge of innovative developments in photonics, integration of microfluidics and optics, improved approaches to biosensor system integration, microprocessor based technology and biotechnology, new techniques for food analysis have emerged. For biosensor development, a number of aspects need to be considered, such as transduction, signal generation (increase of signal, decrease of noise, etc.), fluidics design (sample injectionand drainage, reduction of sample consumption, increase of analyte transport, reduction in detection time, etc.), surface immobilization chemistry (analyte capture efficiency, elimination of non-specific binding, etc.), detection format (direct binding, sandwich-type binding, competitive binding, etc.) and data analysis (extraction of information regarding analyte concentration, binding kinetics, etc.) (Fan et al. 2008 ). These multidisciplinary contributions, which are prerequisite for biosensors research, lead to miniaturization of instruments with fast response and minimal sample preparation. Biosensors represent an interesting alternative that may address a number of analytical measurement problems with a great potential for food safety. As compared to conventional analytical methods, biosensors are easy to handle, portable, quick and the user does not require special skills. A biosensor is a device that utilizes a biological recognition element which senses the analyte in sample by binding analyte on the reactive surface. The reactive surface of bio-recognition element generates a measured response upon binding with an analyte. The device and associated instrumentation convert analyte-binding events into qualitative or quantitative units of analyte concentration. Transducer is an important component in the instrumentation which can be categorized into electrochemical, piezoelectric and thermometric and optical categories. In biosensor, a bio-receptor molecule is immobilized in a suitable matrix to form a biorecognition layer which is then placed in the immediate vicinity of a transducer. Thus, immobilization enables reuse of biomolecules and enhances their local concentration near the sensor probe.
Optical biosensors are particularly appealing in food safety since they may detect analytes in complex matrices with minimal sample treatment. In the last two decades, the developments in optical techniques in telecommunication systems gave impetus to the development of chemical sensors and biosensors which resulted in novel and very interesting devices with great promise for many areas of applications including food quality evaluation. Most of the optical biosensors are based upon measurement of changes in the surface characteristics of the sensor when analyte is bound to sensing layer on the device by sorption or complex formation of affinity binding agent and analyte. Optical biosensors combine the selectivity of biology with the processing power of modern microelectronics and optoelectronics to offers powerful new analytical tools with major applications in the field of drug discovery, medical, environmental and food processing industries. Detection of optical signals with fiber optic cables offers advantages such as less interference, low loss of signal, low noise. Biosensors in general and optical biosensors in particular, show enormous potential for the detection of pathogens, pesticide and drug residues, hygiene monitoring, heavy metals and other toxic substances in the food to check whether the food is safe for the consumption. The excitement in this area can be gauged from extensive research reports on use of biosensors for monitoring these food contaminants. Despite commercialization few optical sensing platforms such as RAPTOR ™ and host of SPR biosensing platforms, the use of biosensors for food quality and safety in actual field is very limited. Considering the potential for commercialization, surface plasmon resonance and fiber optic biosensors are chosen for detailed discussion. These systems can be used to detect multianalytes / parameters with ultra low sample volume. The market for biosensors was estimated as $17.3 billion by year 2015 as per some business reports (Sadana and Sadana 2011) . However, major drivers of this business are drug discovery and medical diagnostics.
Principles and different embodiments optical biosensors, associated instrumentation components such as major detector elements, fiber optic cables, immobilization of biological component for biosensors are reviewed in this article. It also presents applications of fiber optic and surface plasmon resonance (SPR) based biosensors for the detection of a range of analytes (pesticide and drug residues, pathogens, microbial load, hygiene monitoring, urea, toxic influents, phenolic compounds, toxic protein and heavy metals) in food samples.
Optical biosensors
Various optical geometries used for biosensors include optical fibers, planar wave guides, surface plasmon resonance and microarrays. Working principle of an optical biosensor involves measuring change in amplitude, phase, frequency or polarization of light. Reviews on principles of biosensors and bio-based methods for the separation and detection of food borne pathogens including optical biosensors as well as others such piezoelectric and electrochemical biosensors can be found elsewhere (Akdoğan and Mutlu 2011; Bhunia 2008) .
The Optical biosensors offer number of advantages over other conventional methods as well as pose some challenges. These are enumerated in (Table 1) . Among optical biosensors, applications of fiber optic biosensors and surface plasmon resonance biosensors are rapidly increasing and they are discussed in following sections.
Fiber optic biosensors
The main components of fiber optic biosensors, which influence sensitivity and detection limit, are light source, optical transmission medium (fiber, wave guide etc), immobilized biological recognition element (enzymes, antibodies or microbes), optical probes (such as fluorescent markers) for transduction and an optical detection system (Prasad 2003) . The accessories associated with fiber optic biosensors are flow injection system or flow cell with pump and capillary tubing, cuvette holder, collimating lenses and optical filters. These accessories are useful for configuring the biosensors to measure absorbance, reflectance, phosphorescence, luminescence, fluorescence and transmission. Further details on optical components for optical sensors can be found elsewhere (Haus 2009 ).
The data acquisition software is used to interface the detector with computer and manage all the accessories in synchronized manner. Real time data acquisition can be done. Current trends and recent developments in fiber optic biosensors were reviewed (Orellana and Haigh 2008) . Current research into optical platforms is directed to achieve high performance in terms of sensitivity and resolution, high throughput screening by incorporating large number of sensing channels, ruggedness and miniaturization to make them portable for field applications. Multi-scale, multi-technology and system-level approach was used to hybridize different sensing platforms, including electrical, electrochemical, mechanical and optical signal transductions, to achieve results that a single sensor alone cannot deliver. The system-level approach that optimizes devices from sample collection and sensing elements to signal processing and communication to deliver a complete solution to real-world problems. (Centre for Bioelctronics and Biosensors, 2011) . Since immobilization of biocomponent is very important for enhanced performance of biosensor, it will be dealt in a separate section and other aspects/components of fiber optic biosensor will be discussed in following subsections.
Classification of fiber optic biosensors
Fiber Optic biosensors can be classified into two different categories: intrinsic sensors, where interaction with the analyte occurs within an element of the optical fiber; and extrinsic sensors, in which the optical fiber is used to couple light, usually to and from the region where the light beam is influenced by the measurand. The light from light source goes into the sample through one fiber. The light interacts with the chemical/biochemical medium and then reflected light is collected and transferred to detector through second fiber. The probe cell used for such batch measurement is schematically shown in (Fig. 1) .
One of the major advantages of using optical biosensors in conjunction with optical fibers is that it permits sample analysis to be done over long distances and this has important implications for field monitoring. Geometric parameters play a critical role in exposing the evanescent field to interact with samples. Basic principles and common geometries of tapered fiber-optic biosensors were reviewed by Leung et al. (2007) and detailed account of their use for detection of biomolecules was presented. Bosch et al. (2007) also presented an exhaustive review of fiber optic biosensors in terms of detection phenomena used viz. absorbance, reflectance and fluorescence measurement and details of applications of fiber optic biosensors. The analytical characteristics and applications of these are described elsewhere (Marazuela and Moreno-Bondi 2002) .
Following classification of fiber optic biosensors based on the biological recognition element with examples is given by Monk and Walt (2004) . Recent references and examples are supplemented:
1. Enzyme based Enzymes are chosen in this biosensor in such a way that the reactions couple the target analyte to form a basis of detection. Prakash et al. (2008) (Kudo et al. 2009 ). Zhong et al. (2011) built an enzymatic biosensor using toluene orthomono oxygenase to detect toluene. Biosensor based on urease encapsulated in calcium alginate microspheres, which are coated with polyelectrolyte nanofilms predominantly composed of cresol red (CR) dye, in conjunction with flow through cell constructed using a cuvette attached to a fiber optic spectrometer was developed for measuring urea in the range of 0.1-60 mg/dL in spent dialysate to monitor hemodialysis parameters (Swati et al. 2010) . Marquette et al. (2000) developed fiber optic biosensor using chemiluminescence of luminol in the presence of H 2 O 2 with flow injection analysis system for glucose and lactose. Horseradish peroxidase immobilized on a collagen membrane was used. The detection limit for glucose and lactate were 150 and 60 × pmol, respectively. This feasibility study demonstrated the potential of fiber optic biosensor for quality evaluation. Quality of tea in terms of polyphenols was evaluated by tyrosinase based biosensor (Sujith Kumar et al. 2011 ).
Immunoassay based
The specific antigen-antibody binding is monitored indirectly via a fluorescent optical label or directly by observing a refractive index or reflectivity change, which requires no label. Narang et al. (1997) developed an evanescent wave fiber-optic biosensor for detecting a potently toxic protein, ricin, in the pg/mL range by immobilizing antiricin immunoglobulin G (IgG) onto the surface of an optical fiber. Binding kinetic parameters of IgG and antimouse IgG were measured using fluorescence detection fiber optic biosensor using sandwich assay (Lin et al. 2009 ). Multiple analytes (microcystin-Lr and trinitrotoluene) were detected using monoclonal antibodies against them on fiber optic cable (Long et al. 2010 (Kumar et al. 2006) . Microalgae immobilized in solgel membranes coupled with bifurcated fiber optic cable and spectrofluorometer was used to detect herbicide simazine (Peña-Vázquez et al. 2009 ). Verma et al. (2010) used Bacillus badius whole cells with phenol red as an indicator coimmobilized onto circular plastic discs with sol-gel approach and a fiber optic transducer system to determine cadmium in milk by inhibition of urease produced by the bacteria.
Biomimetic based
It employs non-biological materials to mimic biological selectivity. The use of recombinant protein engineering, phage display and aptamer technologies in the production of lectin mimics, as well as the construction of biosensors that are capable of rapidly detecting glycan motifs at low levels in both labelled and label-free manner were reported by Gerlach et al. (2010) . Tognalli et al. (2009) demonstrated through two-color spectro-electrochemistry that Raman scattering is also finely sensitive to oxidation state changes of flavin, a biomimetic system that mimics the active center of many flavoprotein enzymes and determined glucose concentrations in millimolar range using SERS biosensor. Devanathan et al. (2005) formed a biomimetic covalently imprinted polymeric sensor for a target ligand, the delta-opioid G-protein coupled receptor agonist DPDPE to measure sub-picomolar binding affinity in an aqueous environment.
Detectors of fiber optic biosensors
Various optical methods have been exploited in biosensors including fluorescence spectroscopy, luminescence, scattering, interferometry (reflectometric white light interferometry and modal interferometry in optical waveguide structures), spectroscopy of guided modes of optical waveguides (grating coupler and resonant mirror), photon correlation spectroscopy, surface enhanced Raman scattering (SERS) and surface plasmon resonance (SPR). Most of the detectors of optical biosensors are primarily based on photo multiplier tube (PMT), charge coupled device (CCD) and avalanche photo diode (APD) to measure these phenomena.
Photo Multiplier Tubes (PMT) It is a very sensitive detector of light in the UV-visible and near infrared ranges (200-900 nm) of electromagnetic spectrum. These detectors multiply the current produced by incident light by as such as 100 million times. The photons from incident light fall on photocathode, which is present as a thin deposit on the entry window of the device and then photocathode releasing electrons (photo electric effect) (Fig. 2) . These electrons are directed by the focusing electrode towards the 'electron multiplier'. Here electrons are multiplied by the process of secondary emission. The electron multiplier consists of a number of electrodes called 'dynodes'. Each dynode is held at a more positive voltage than the previous one. As the electrons released from the photocathode move toward the first dynode, they are accelerated by the electric field and arrive with much greater energy and due to this more electrons are released. These cascading effect at each dynode greatly enhances the signal.
The bioluminescent-bioreporter integrated circuit represents a new advance in the development of whole-cell biosensors, consisting of a genetically engineered bioreporter organism interfaced with an integrated circuit. The bioreporter is engineered to luminesce when a targeted substance is encountered, with the circuit being designed to detect this luminescence, process the signal and communicate the results. The bioreporters are thus available to the circuit designer as another component, analogous to a transistor or a resistor, albeit a living entity. The concept has been demonstrated using Pseudomonas putida TVA8 to sense the environmental pollutant toluene. Bioreporter bioluminescence has been detected by a number of different types of optical transducers, including photomultiplier tubes, photodiodes, microchannel plates, photographic films and charge-coupled devices (Simpson et al. 1998 ). Bioluminescence and chemiluminescence applications in biotechnology using PMT or CCD imager were reviewed by Roda et al. (2004) . A biosensor consisting of a bioluminescent bioreporter (Pseudomonas fluorescence 5RL), an optical transducer (photomultiplier tube), and a light-tight chamber housing was used for evaluation of the antimicrobial efficacy of chlorine oxide (del Busto-Ramos et al. 2008) . 
Focusing electrode Scintillator
Avalanche photodiode (APD) An APD is a semiconductor device. It converts light to electricity by the photoelectric effect. APDs have an internal region where electron multiplication occurs, by application of an external reverse voltage, and the resultant "gain" in the out put signal means that low light levels can be measured at high speed. Incident photons create electron -hole pairs in the depletion layer of a silicon photodiode structure and these move towards the respective PN junctions at a speed of up to 105 meters per second, depending on the electric field strength.
The development of the single photon avalanche photodiode (SPAD) (Saveliev and Golovin 2000; Bondarenko et al. 2001; Golovin and Saveliev 2004; Saveliev 2004) which is a silicon photon counting element with very high gain and low dark count, makes it possible to integrate the sensing and the processing units together, enabling low cost and small sample detection system. Daniela et al. (2008) reported a whole-cell biosensor based on SPAD detection with mathematical model for the kinetics of the bioluminescence process. Genetically engineered Escherichia coli bacteria which exhibit SOS response to nalidixic acid as the toxin was used in this system. Typically E. coli bacteria are used as harboring cells, in which plasmids containing the promoterreporter gene conjugation are introduced. Promoter genes function as activators of the bio-reporter expression in the presence of a toxin. Reporters are expression genes that encode proteins or enzymes that function as light sources or electron sources for monitoring metabolic cell activity (Belkin 2003) . Microbial cell sensors have been constructed by genetically binding the Lux gene with an inducible gene promoter for toxicity testing. Genetic promoters have been utilized to act as very precise detectors of environmental toxins (Hakkila et al. 2004 ). The main function of the bioreporters is to provide a detectable signal response correlated to the magnitude of the toxin dose. Ultra-high sensitivity of avalanche photodiode in Geiger mode was used for monitoring luciferase production in Escherichia coli with a luciferase gene reporter molecule detection system by detecting luminescence (Lin et al. 2005) . In-vivo fluorescence detection system consisting of a vertical cavity surface emitting laser to provide the excitation and a filtered solid state Geiger mode APD to detect the emitted fluorescence was developed for biomedical applications and it has good potential for biosensors in food industry (Bellis et al. 2006) .
Charge Coupled Device (CCD) CCD is a device for the movement of electrical charge, usually form within the device to an area where the charge can be manipulated, for example conversion into a digital value. This is achieved by "shifting" the signal between stages within the device one at a time. CCDs move charge between capacitive bins in the device, with the shift allowing for the transfer of charge between bins. Often the device is integrated with an image sensor, such as a photo electronic device to produce the charge that is being read, thus making the CCD a major technology for digital imaging. Golden and Ligler (2002) compared CCD, complementary metal-oxide semiconductor (CMOS) and photodiode as detection systems in array biosensors and concluded that CCD system has better signal-to-noise ratio than the CMOS and photodiode systems but cost considerations and ease of use may sometimes tilt the balance towards CMOS and photodiode systems. Roda et al. (2011) developed a portable biosensing device based on genetically engineered bioluminescent (BL) yeast and bacterial cells which were immobilized on a 4×3 multiwell cartridge and connected to a cooled CCD sensor to image and quantify the BL signals via a fiber optic taper. Yeasts were engineered to express luciferases that emit green-or red-emitting mutant firefly luciferases in response to androgens or estrogens, respectively. The other biosensor detected lactose analogue isopropyl β-D-1-thiogalactopyranoside using two E. coli strains. Biosensor for simultaneous detection of multiple analytes using arrays of capture molecules (antibodies, DNA probes, etc.) were developed using a CCD as detector (Rowe et al. 1999) . In these array biosensors, the immobilized fluorescent complexes at the surface are excited using an evanescent field generated using a laser, and the resulting fluorescent pattern is imaged using CCD.
Light sources and signal delivery systems/fiber optic cables
Selection of right light source is important for illuminating and probing different optical phenomena used in optical biosensor. The light source should provide intensity stabilized emission with low noise and be compatible with fiber optic components. Different light sources with their characteristics are listed in Table 2 . Pulsed xenon light source is used as long life source and for temperature/photo sensitive biorecognition elements/ samples to avoid photo bleaching/inactivation of biocomponent.
The optical fibers generally consist of core surrounded by cladding. Buffer is added for further protection. Widely used core material is pure silica. Other fiber cores of higher absorption are made of special glass or plastics. The cladding material is fluorine doped silica of lower index of refraction. Polyamide is the commonly used buffer. The other options of buffer include aluminium, gold, acrylate. The fibers are further jacketed for providing flexibility and ruggedness for industrial applications. The other delivery system could fiber with liquid core and fiber optic bundle. Depending on the application, the core dia of fiber is selected. For reflection and fluorescence, large core diameter is recommended to carry more light. The core diameter ranges from few microns to thousand microns. Variety of patch cords, fibers and bifurcated probes and other custom made probes are commercially available which can be chosen for different sensing applications (Ocean Optics 2011).
Surface Plasmon Resonance (SPR) biosensors SPR biosensors are optical sensors exploiting special electromagnetic waves due to fluctuations in the electron density at the boundary of two materials. SPR is a real time, label free, optical method for studying the interaction of soluble analyte with immobilized ligand. Plasmons are the collective vibrations of an electron gas or plasma surrounding the atomic lattice sites of a metal. When plasmons are coupled with a photon, the resulting particle propagates along the surface of the metal until it decays, either by absorption or by radiative transition into a photon.
SPR instruments containing an antibody layer detect minute changes in the refractive index on binding of the antigen. These changes are related to the size of the antigen as well as the conformational change of the antibodyantigen complex on binding. The latter involves solvent reorganization and protein unfolding. The change in the refractive index is then detected as a shift in the angle of total absorption of incident light on a metal layer (usually gold or silver) carrying the antibodies.
SPR systems that operate by employing the Kretschmann configuration ( Fig. 3) are the ones in wider use (Prasad 2003) . They generally show higher sensitivity and resolution in relation to the devices that operate by diffraction grids. In these systems, a light beam coming from the side of the higher refractive index will be partly reflected and partly refracted, but above a certain critical angle of incidence no Incident light light will be refracted and total internal reflection is observed. However, a component of the light, the evanescent wave, will propagate towards the medium with the lower refractive index and if the interface between the media is covered with a metal film, e.g. gold, the evanescent wave will interact with free electrons in the metal. Light energy will, thereby, be lost to the metal and the intensity of the reflected light will decrease. This phenomenon is referred to as surface plasmon resonance (SPR) and only takes place at a sharply defined angle of incidence, the SPR angle. The response from the angular change is expressed in resonance units (RU), an arbitrary unit and 1 RU corresponds to a shift in the angle of 0.0001° (Jönsson et al. 1991) . By plotting the measured angular shift against time, a sensorgram is obtained illustrating the progress of the interaction at the sensor surface in real time. A signal of about 50 RU is necessary for reliable measurement. Since SPR is very sensitive technique, all the instrumentation is properly packaged and fixed to avoid misalignment or improper handling. Thus the SPR systems are robust. The surface chemistries for immobilization are well developed and most of the SPR manufacturers offer functionalized microfluidic sensor chips with different surface chemistries (e.g. amine coupling, streptavidin-biotin) for analysis of small molecules and macromolecules. The ligands are immobilized at the time of analysis by activation and immobilization. The SPR system can be used as a biosensor because the surface plasmon resonance, which extends horizontally along the metal surface for about 100 nm, has an associated, exponentially decreasing, evanescent field that extends vertically into the surrounding medium for a few hundred nanometers. When molecules bind at the surface within the evanescent field (antibodies are about 10 nm in diameter), they perturb the field and hence the surface plasmon resonance, which therefore alters the angle of the light at which SPR occurs. The amount of shift in SPR angle can be related to the concentration of the bound molecules. A review by Rich and Myszka (2010) can be consulted to avoid common mistakes in experimentation, analysis and data presentation of SPR biosensors. Various optical label-free biosensing platforms (surface plasmon resonance, interferometers, waveguides, fiber gratings, ring resonators, and photonic crystals) and their limits of detection were reviewed (Fan et al. 2008) . Major application areas of SPR biosensors include detection of biological analytes and analysis of biomolecular interactions (Homola 2003) . SPR can be used to enhance the surface sensitivity of several spectroscopic measurements including fluorescence, Raman scattering, second harmonic generation and can also be used to detect DNA or proteins by the changes in the local index of refraction upon adsorption of the target molecule to the metal surface. Advantages of SPR biosensors are given in (Table 3 ). The intense research and developments of SPR and other label free biosensors in other areas like drug discovery (Cooper 2002 ) and probing of cell signaling (Fang 2007) are also helping in expanding the application of SPR sensor platform for food safety. Measurement of refractive index changes of varying mixtures of glycerine/water and real time monitoring of binding of BSA and BSA antigen combining phase polarization with SPR showed greater potential for affinity biosensors (Ho et al. 2006) . Various techniques can be used to enhance sensitivity of SPR. The sensitivity of SPR can be enhanced by employing a network of antibodies which yields higher number of receptors accessible to the antigens and better binding properties of antibodies that are not immobilized directly on the sensor surface (Brynda et al. 1999) . A thin film consisting of gold nanoparticles and polyelectrolytes is fabricated through ionic self-assembled multilayers technique and is deposited on end-faces of optical fibers to construct localized surface plasmon resonance fiber probes with enhanced sensitivity and simpler protocol (Wan et al. 2010) .
Prism coupling, waveguide coupling, fiber optic coupling are four basic methods to excite the surface plasmon resonance. The detection limit range of these methods is 10 −5 to 10 −8 refractive index units. One of the limitations of these methods is small depth of penetration of evanescent wave of about 100 nm. This makes it difficult to detect large cells and bacteria. The other limitation is the inability of these methods to differentiate surface refractive index (RI) changes from bulk solution RI change as there is only one surface plasmon wave to detect RI change (Fan et al. 2008 ). To overcome above limitations, dual mode SPR can be used. In this, two new surface plasmon modes called The detection system is label free, thus eliminating the need for additional reagents, assay steps and time
The sensor can be reused for the same analyte repeatedly It is highly sensitive and it can detect molecules in the femtomolar range
The binding kinetics (affinity) between two molecules can be easily calculated long range surface plasmon (LRSP) and short range surface Plasmon (SRSP) form, which are bound to both metaldielectric interfaces were used to differentiate the background RI change and surface bound RI change (Guo et al. 2008) . The other strategies to avoid or differentiate background RI change include blank surface controls and, if possible, non relevant receptor controls, to correct for the effects of signal drift, non-specific binding and other bulk effects. Such multiple options of real time referencing are available in new high throughput commercial SPR systems (ProteOn XPR 6×6 array system of Bio-Rad). Development of SPR optical biosensors towards multiplexing and the coupling of this technology with other biotechnology developments for high-throughput food-safety and quality analysis was reviewed (Situ et al. 2010) . The other areas of current research include the development of new sensor chips (e.g. sensor chips with regeneratable tris-NTA surface for capturing his-tag protein to handle crude extracts without sample preparation), SPR imaging and coupling SPR with other sensing platforms for high throughput screening (Krishnamoorthy et al. 2010) . SPR biosensor with the antibody layer immobilized to the Z-domains of outer membrane layer showed many folds improvement in sensitivity for detection of IgG. The covalent attachment by gluteraldehyde enabled the repetitive use with regeneration (Park et al. 2011) . The list of manufacturers of SPR biosensor platforms and other optical platforms in along with their website addresses is given in Table 4 . A visit to their websites would provide the new exciting developments for commercialization of these optical biosensors with ultimate goal increased sensitivity and miniaturization and multianalyte detection for high throughput sample handling.
Immobilization methods
Immobilization of biomolecule in case of biosensors aims at restricting the mobility in a fixed space. Biosensors work best when the biological and physical components of transducer are kept in close proximity to one another. Their proximity is preserved when the analyte has unlimited access to the bio-component and when the integrity of the interaction is retained. In general, the biological component has to be properly attached to the transducer by immobilization. The immobilization method is determined by the nature of the bio-component to be immobilized. The type of transducing element used and the physical properties of the analyte are also important factors that assist in selecting a method. Though there could be overlaps, the broad classification of immobilization strategies is shown in (Fig. 4) .
Immobilization by binding
There are generally two approaches for binding, one is binding with the carrier and the other approach is the one in which biomolecule itself acts as a carrier and makes covalent cross-link with cross-linking substrates.
Binding to carrier
Immobilization is carried out by adsorption and covalent binding of biological component on carrier matrices. Adsorption of biomolecule onto insoluble supports is a very simple method with wide applicability and capable of high biomolecule loading. A combination of non specific interactions such as hydrophobic effects and the formation of several such links per biomolecule is the major contributing factor for binding (Fig. 5) . Immobilization of biomolecules by their covalent coupling to insoluble matrices is an extensively used approach. Only small amount of biomolecules immobilized by this method (about 0.02 g/g of matrix) may be adequate. The binding is very strong and there is no chance or very little chance of leakage of biomolecule from the support (Fig. 6) . One of the best examples of covalent binding is amine 
Cross-linking
Cross-linking uses bifunctional agents to bind the biomolecule to solid supports. The most popular materials used in cross linking are glutaraldehyde, corbodiimide, cyanogen bromide and ethyl chloroformate (Fig. 7) .
Immobilization by physical retention
Immobilization by physical retention can be subdivided into matrix entrapment and membrane enclosure techniques. Physical adsorption is usually weak and occurs by the formation of Vander Waals bonds, occasionally accompanied by hydrogen bonds. In an ideal scenario, the biomolecule is kept entirely in its native state, e.g. within a polymer such as alginate (matrix entrapment) or an ultra-filtration membrane reactor (membrane enclosure).
Matrix entrapment
Entrapment of biomolecules within gels or fibres is a convenient method for use in processes involving low molecular weight substrates and products. Biomolecule may be entrapped in cellulose acetate fibres, for example, by making up an emulsion of the biomolecule and cellulose acetate in methylene chloride, followed by extrusion through a spinneret into a solution of an aqueous precipitant. Entrapment in gel is the method of choice for the immobilization of microbial, animal and plant cells, where calcium alginate is widely used (Fig. 8 ).
Membrane enclosure
Membrane confinement of biomolecules may be achieved by a semipermeable nature of the membrane. This must confine the biomolecule whilst allowing free passage for the reaction product and substrates (Fig. 9) .
Features of different immobilization methods in biosensor applications
The inherent problems of immobilization are leakage of biomolecules into solution, significant diffusion limitations, reduced bimolecule activity and stability due to conformational changes and lack of control of micro environmental conditions. Some of these problems can be overcome by adopting different strategies. Leakage of bimolecule can be minimized by reducing molecular weight cut off of membrane or the pore size of the capsule/matrices. Control of micro environmental conditions can be achieved to some extent by using different matrices, changing processing conditions and reducing particle/ capsule size. For example, diffusion barrier is usually less significant in microcapsules as compared to gel beads. Features of different immobilization methods used in biosensor applications are enumerated Table 5 ). The other issue to be addressed in biosensor is the reduction in non specific signal. It is minimized in SPR and fiber optic biosensors by functionalization of sensing surface in controlled way and using reference channels for deducting signals due to nonspecific interactions.
Application of optical biosensors for food quality and safety
With the advent of optical transducers, better electronics and improved immobilization methods, optical biosensors show greater potential for different applications (Mehrvar et al. 2000) . The application of different optical biosensors for detection and monitoring of major threats to food safety are described below. A summary of biosensor applications for detection of food contaminants is given Table 6 .
Detection of pathogens
Microbes play an important role (either beneficial or harmful) in nature; certain potentially harmful microbes can contaminate food and water and cause many infectious diseases in both animals and humans. Conventional methods for detecting microbial contamination have primarily relied on time-consuming enrichment steps, followed by biochemical identification, having a total assay time of up to 1 week in certain cases. There is a widespread need for commercial instrumentation for the rapid and inexpensive detection of microbial contamination of food, industrial waste water and clinical samples. Novel spectraland mammalian cell-based techniques may offer faster detection of multiple and unknown pathogens in preharvest and post-harvest products are suggested by Bhunia (2011) . A large number of detection methods have been developed utilizing the optical, electrochemical, biochemical and physical properties of microorganisms. Keeping in view the trend of increasingly stringent regulatory requirements, there is a need for cost effective rapid and high throughput screening tools for pathogens. Majority of methods of pathogen detection concerned with Salmonella and E. Coli. The detection limits, working range and analysis time of traditional methods such as colony count and ELISA are compared with PCR, electrochemical, optical and acoustic biosensors for detection of pathogens in different food samples (Arora et al. 2006; Lazcka et al. 2007 ). Immobilization strategies of adsorption, avidin-biotin and self assembled monolayers in biosensors were reviewed with reference to pathogen detection. Some of the most commonly used biosensor systems for the detection of pathogens in food and water include surface plasmon resonance (SPR), amperometric, potentiometric, and acoustic wave sensors (Hobson et al. 1996; Alocilja and Radke 2003; Leonard et al. 2003) . Biosensor as well as conventional and standard bacterial detection methods such as culture and colony counting methods, immunology-based methods and polymerase chain reaction based methods for pathogen detection along with their detection limits were reviewed (Arora et al. 2006; Lazcka et al. 2007; Velusamy et al. 2010 ). Features of optical biosensors used for pathogen detection in meat products were listed by Narsaiah and Jha (2011) .
The multianalyte array biosensor (MAAB) is a rapid analysis instrument capable of detecting multiple analytes simultaneously. Taitt et al. (2004) developed rapid (15-min), single-analyte sandwich immunoassays for the detection of Salmonella enterica serovar Typhimurium, with a detection limit of 8×10 4 CFU/mL; the limit of detection was improved 10-fold by lengthening the assay protocol to 1 h. To determine the potential of multianalyte array biosensor as a screening tool for the diagnosis of asymptomatic Salmonella infection of poultry, chicken excretal samples from a private, noncommercial farm and from university poultry facilities were tested. Doseresponse curves of spiked excretal samples from university-raised poultry gave limits of detection of 8× 10 3 CFU/g. The Array Biosensor's ability was demonstrated to measure both large pathogens, such as the bacteria Campylobacter jejuni and small toxins, including the mycotoxins ochratoxin A, fumonisin B, aflatoxin B 1 and deoxynivalenol. Sandwich immunoassays were used to measure C. jejuni in buffer and a number of food matrices, while competitive immunoassays were developed for simultaneous detection of multiple mycotoxins separately and the combination of both was used for simultaneous detection of both large (C. jejuni) and small (aflatoxin B 1 ) food contaminants. The immunoassays were also developed for the simultaneous detection of staphylococcal enterotoxin B and botulinum toxoid A in buffer, with a detection limit of 0.1 ng/mL and 20 ng/mL, respectively, in a variety of food samples, including canned tomatoes, sweet corn, green beans, mushrooms, and tuna (Sapsford et al. 2005) .
Magnetoelastic resonator platform coated with filamentous E2 phage engineered to bind with Salmonella typhimurium was used to directly detect spiked S. typhimurium on fresh tomato surfaces with detection limit of 5×10 2 CFU/mL (Li et al. 2010) .
Application of antibody coupled fluorescence waveguide biosensor for detection of pathogens using fiber optic biosensors with detection limits was reviewed (Bhunia et al, 2007; Orellana and Haigh 2008) . The fiber optic biosensors employing sandwich immunoassay coupled with fluorescent tagging were used to detect E. coli O157:H7 cells in ground beef rapidly at the levels of 3 to 30 CFU/mL (Demarco et al. 1999), 5.2×10 2 CFU/g (Demarco and Lim 2002) and 10 3 CFU/mL . The commercial biosensor (Analyte 2000 of Research International, Washington) with no false positives could be easily adopted for field application with favourable cost economics.
An automated fiber-optic-based immunosensor was used for the detection of Listeria monocytogenes in food samples. A two stage blocking with biotinylated bovine serum albumin (b-BSA) and bovine serum albumin (BSA) was effectively employed to reduce non-specific binding. In sandwich immunoassay, the method of immobilization of capture antibodies on sensor surface (static or flow through mode) has influence on detection limit of assay. In sandwich assay, the effective disassociation constant (K d ) and the binding valences for static mode of antibody immobilization in spiked PBS samples was 4×10 5 CFU/mL and 4.9 as compared to 7×10
4 CFU/mL and 3.9 for flow through method of antibody immobilization. Thus the sensitive flow-through immobilization method was used to test food samples, which could detect 5×10 5 CFU/mL of L. monocytogenes in frankfurter sample (Nanduri et al. 2006) . A surface plasmon resonance based immunosensor for the rapid, sensitive and selective detection of generic E. coli in water samples was developed. A linear correlation (R 2 = 0.976) was obtained between log E. coli concentration and the change in the response unit (RU) with a working range of 9×10 1 and 1.8×10 5 CFU/mL (Dudak and Boyac 2007) . The ability of the developed sensor to detect E. coli in real water samples was close to the results obtained from plate counting method. A photo immobilization methodology based on a photoactivatable electro-generated poly (pyrrolebenzophenone) film which deposited upon an indium tin oxide (ITO) modified conductive surface fiber-optic was used for the detection of Ebola virus strains Zaire and Sudan. An immunosensor for detection of antibodies against Ebola virus with photochemically modified optical fibers was tested for sensitivity, specificity and compared to standard chemiluminescent ELISA (Petrosova et al. 2007 ). Corres et al. (2008) developed a tapered optical fiber by coating anti-gliadin antibodies sensitive nanofilm using the electrostatic self-assembled (ESA) monolayer technique in order to aid the diagnosis of celiac disease. Optical fibers were tapered and then the specific antigen was deposited using the ESA method which allows the construction of nanometric scale recognition surfaces on the fiber optic and helps to create fast response sensors for real time observation of the binding process. The high sensitivity and continuous monitoring of the proposed scheme can reduce importantly the time and serum volume required for celiac disease tests. Surface plasmon resonance based immunosensor using optical fiber was proposed for the detection of Legionella pneumophila. The detection surface was fabricated by binding chemically to self-assembly monolayer (SAM) of 11-mercaptoundecanoic acid (MUA) on gold surface. The formation of antibody immobilization on an MUA treated surface and the binding of antigen, L. pneumophila, in series were confirmed by SPR response. The intensity of the transmitted light was decreasing linearly by SPR effect with increasing antigen, L. pneumophila. An immnuosensor based on SPR with two measurement systems, spectrometer with halogen light and power meter with 850 nm-LED for the detection of L. pneumophila gave the same result; the detection limit was 10 CFU/ mL. This was advantageous or comparable to presently available immunosensors reported for bacterial detection (Lin et al. 2007 ). The surface plasmon resonance biosensor has potential for use in rapid, real-time detection and identification of bacteria and to study the interaction of organisms with different antisera or other molecular species. Among the alkane monothiol and dithiol dendritic based self-assembled monolayers (SAM) in conjunction with SPR antibody based detection protocol in which S. aureus, suspended in phosphate buffered saline with Tween 20 (PBST). Direct and sandwich assays on the immobilized antibodies, Specificity of anti-S. aureus to detect S. aureus in a mixture with E.coli O157:H7 was also studied. Both the surfaces could detect S. aureus to the level of 10 5 CFU/mL in a sandwich assay, with good specificity against E. coli O157:H7 (Subramanian et al. 2006 ). The mono and dithiol self-assembled monolayers were found to be good for rapid detection of S. aureus. An optical SPR biosensor was sensitive to the presence of Salmonella typhimurium (a common food borne pathogen) in chicken carcass. A taste sensor like electronic tongue was used to basically "taste" the object and differentiated one object from the other with different taste sensor signatures. SPR biosensor showed potential to detect Salmonella typhimurium at 1× 10 6 CFU/mL (Lan et al. 2008) . Fiber-optic biosensors with DNA coating on fused silica were used in a total internal reflection fluorescence instrument to determine T m from the dissociation of duplexes of fluorescein-labeled dA 20 :dT 20 . The results suggest that the thermodynamic stability of duplexes that are immobilized on a surface is dependent on the density of immobilized DNA and on the extent of hybridization of DNA. Thermodynamic stability of immobilized dsDNA is significantly different than that of dsDNA in bulk solution, and includes observations of the variation of enthalpy at different ionic strengths, asymmetry in the melt curves, and the possibility of a reduced dielectric constant within a DNA layer relative to that in bulk solution (Piunno et al. 1999) .
Self-assembled mixed DNA/alkanethiol films are often used for coupling DNA probes covalently to the sensor surface. A spacer molecule is introduced to increase the distance between the specific DNA sequence and the surface. SPR was used to evaluate the effect of mercaptohexyl (C 6 ) spacer and a longer mercapto-undecyl (C 11 ) spacer on the immobilization degree as well as on the consequent hybridization. The longer C 11 spacer mixed DNA/alkanethiol films were found to be more densely packed and enhanced sensitivity as well as the reproducibility. Flow-assisted approach is beneficial for DNA immobilization and hybridization events as compared to diffusion controlled approach (Peeters et al. 2008) .
Many other reports, in addition to above references, are available for detection of pathogens using optical biosensors but reliable and reproducible measurement with detection limit of 10 to 100 CFU/mL (detection levels in traditional methods, which are gold standards) in field conditions is still a distant dream.
Detection of pesticide residues
Residues of chemicals used to protect crops during growth and storage is a major problem. Some of these chemicals might not only be on the surface of the product at harvest, but might also be absorbed by the plant, animal and be present in the cells of tissues, making them potentially more dangerous from health point of view. Enzyme based fiber optic biosensor, immunoassay based fiber optic biosensor, a surface plasmon resonance based fiber-optic sensor (portable or non portable) and modified screen printed electrodes for the detection and determination of Pesticides like carbaryl , dichlorvos, chlorphyrifos, aldicarb and herbicide molecules like 2,4-dichlorophenoxyacetic acid (2,4-D) and atrazine are suitable for detection of of pesticides like carbaryl, dichlorvos, chlorphyrifos, aldicarb and herbicide molecules like 2,4-dichlorophenoxyacetic acid and atrazine.
In enzyme based fiber optic biosensors, either single enzyme (immobilized by three-layer sandwich way) or multilayer enzyme assembly (by chemical cross linking) on an optical fiber surface are used for the detection of pesticides. Andreou and Clonis (2002) described the three layer sandwich immobilization of enzyme (choline esterase) for the detection of pesticides carbaryl and dichlorvos in water sample. They found that pesticides present in the sample, decreased the rate of enzyme reaction by binding to enzyme and the rate of the inhibited reaction served as an analytical signal. Pesticides calibration curves for carbaryl and dichlorvos, with useful concentration ranges (0.11-8.0 ppm and 5.0-30 ppb) and detection limits (108 ppb and 5.2 ppb) were obtained. The method reproducibility was in the order of ±3-5%. Accuracy of the method was found to be 94.9% and sensor lifetime was 3 weeks (30% activity reduction). Among the chemiluminescence, ellipsometry and surface plasmon resonance, a chemiluminescencebased fiber optic biosensor with a multilayer enzyme assembly (immobilized by chemical cross-linking) has been found to be good for the detection of pesticides (Chen et al. 1996) . Marquette et al (2000) developed fiber optic biosensor using chemiluminescence of luminol in the presence of H 2 O 2 with flow injection analysis system for chlorophenol. Horseradish peroxidase immobilized on a collagen membrane was used. The detection limit for chlorophenol was 0.01 μM.
Immunoassay based fiber optic biosensor involves the immobilization of active antibodies on the capture surface without any significant loss of antigen binding activity. Kaur et al. (2004) created oriented active immunobiosensor surface by immobilization of antibodies on the gold surface against two herbicide molecules 2,4-dichlorophenoxyacetic acid and atrazine. Analysis of the adhesive forces, between immobilized antibodies and their respective antigens by force spectroscopy using hapten-carrier protein functionalized atomic force microscope (AFM) cantilevers, showed that immobilization had not compromised the reactivity of the surface immobilized antibody molecules for antigen and there was no change in their relative quality with respect to each other. Homola (2003) reviewed the application of SPR for small molecules (pesticide residues) analysis. Farré et al. (2007) developed portable biosensor platform based on SPR technology for the continuous monitoring of atrazine (herbicide) in water, based on the binding inhibition format with purified polyclonal antibodies, with the analyte derivative covalently immobilized on a gold sensor surface.
The covalent immobilization of the analyte derivative through an alkanethiol self-assembled monolayer on the gold coated sensor surface allowed the reusability of the sensor surface during more than 250 regeneration cycles. The low detection limit for the optimized assay was 20 ppt and analysis time for complete assay cycle including regeneration without previous extraction or cleanup is 25 min for atrazine and is 24 min for chlorpyrifos. Solidphase extraction followed by gas chromatography coupled to mass spectrometric detection (SPE-GC-MS) was used to validate the new immunoassay.
Organophosphate pesticide chlorpyrifos in real water samples has been detected by using a portable surface plasmon resonance (SPR) immunosensor and by surface plasmon resonance based fiber-optic sensor. The lowest limit of detection (LOD) of 20 ppt for DDT, 50 ppt for chlorpyrifos and 0.9 ppb for carbaryl were achieved. Immobilization method of alkanethiol self-assembled monolayer (SAM) enabled the reusability of the sensor surface for more than 250 regeneration cycles. The size and electronic configuration of the device allow its portability and utilization on real contaminated locations (Mauriz et al. 2006) . Good correlation with GC-MS data shows its potential for rapid detection of pesticides.
Rajan et al. (2007) explained the fabrication and characterization of a surface plasmon resonance based fiber-optic sensor for the detection of chlorphyrifos by immobilizing acetylcholinesterase (AChE) enzyme on the silver coated core of a plastic-cladded silica fiber. The detection is based on the principle of competitive binding of the pesticide (acting as inhibitor) for the substrate (acetlythiocholine iodide) to the enzyme AChE. The spectral interrogation method has been used to characterize the sensor. It has been observed that the SPR wavelength decreases with the increase in the concentration of the pesticide for the fixed concentration of substrate in the fluid. It has been found that both the sensitivity and detection accuracy decrease with the increase in the concentration of the pesticides. A comparative study using Co-phthalocyanine and Prussian Blue-modified screenprinted electrodes has also been performed (Arduini et al. 2006) . The limit of detection for Co-phthalocyanine and Prussian blue is LOD of 5×10 −7 and 5×10 −6 M, respectively with high potentialities for pesticide measurement.
Prussian Blue-modified screen-printed electrodes were then selected for successive enzyme immobilization due to their higher operative stability. Acetylcholinesterase (AChE) and butyryl cholinesterase (BChE) enzymes were used and inhibition effect of different pesticides was studied with both the enzymes. AChE-based biosensors have demonstrated a higher sensitivity towards aldicarb (50% inhibition with 50 ppb) and carbaryl (50% inhibition with 85 ppb) while BChE biosensors have shown a higher affinity towards paraoxon (50% inhibition with 4 ppb) and chlorpyrifos-methyl oxon (50% inhibition with 1 ppb). Multianalyte biosensor (electrochemical) using AChE could detect 11out of 12 insecticides prevalent in Brazil (Roepcke et al. 2011) . Whole cell /microbial cell based fiber optic sensors can be used to detect pesticides. Methyl parathion pesticide was measured using Flavobacterium sp. whole cells adsorbed on glass fiber filters as biocomponent and USB spectrometer as detector in a fiber optic biosensor (Kumar et al. 2006 ).
Detection of veterinary drug residues in animal derived products
Some veterinary medicines used to treat animals can produce residual contaminants in meat and milk products and may result in acute food poisoning, allergic reactions or the development of antibiotic resistant microorganisms. Optical biosensors, especially the fiber optic and SPR biosensors, are well suited for the detection and measurement of such contaminants in animal-derived foods. Excellent reviews are available for various rapid detection methods including biosensors for determination of drug residues in meat (Reig and Toldra 2008) and SPR biosensors for antibiotics, β-agonists and antiparasitic drugs (Haughey and Baxter 2006) . Applications of electrochemical, SPR and quartz crystal microbalance techniques for food analysis were reviewed by Ricci et al. (2007) . The use of β-agonists as growth promoters have harmful effects and their detection is generally done using liquid chromatography and mass spectrometry (Nielen et al. 2008) . A novel method for the simultaneous determination of β 2 -agonist residues such as terbutaline, salbutamol, and clenbuterol by high-performance liquid chromatography (HPLC) coupled with chemiluminescence (CL) detection in pig liver samples gave the limits of detection at a signal-tonoise ratio of 3 ranged from 0.007 to 0.01 ng/g and the limits of quantification at a signal-to-noise ratio of 10 ranged from 0.023 to 0.033 ng/g for three β 2 -agonists (Zhang et al. 2007 ). The implementation of direct and competitive immunoassay for small and large molecule detection on a microarray, using IBIS imaging surface plasmon resonance (iSPR) system was examined by Raz et al. (2008) . A direct immunoassay for bovine IgG detection and a competitive immunoassay for gentamicin and neomycin were developed. So utilization of the IBIS iSPR system for food analysis, by screening high and low molecular weight compounds, will allow rapid and simultaneous detection of various ingredients and contaminants with a detailed food profile. McGrath et al. (2005) developed broad spectrum screening assay for sulfonamides by binding protein displaying broad-spectrum cross-reactivity within the sul-fonamide group in conjunction with a sulfonamide specific sensor chip and a surface plasmon resonance biosensor. Twenty sulfonamide compounds were detected with exception to acetylated metabolites. Limit of detection (meanthree times standard deviation value when n=20) was calculated to be 16.9 ng/g in tissue samples. Intra-assay precision (n=10) was calculated at 4.3%CV for a sample spiked at 50 ng/g with sulfamethazine, 3.6% CV for a sample spiked at 100 ng/g with sulfamethazine, 7.2%CV for a sample spiked at 50 ng/g with sulfadiazine and 3.1% CV for a sample spiked at 100 ng/g with sulfadiazine. Interassay precision (n=3) was calculated at 9.7% CV for a sample spiked at 50 ng/g with sulfamethazine, 3.8% CV for a sample spiked at 100 ng/g with sulfamethazine, 3.5% CV for a sample spiked at 50 ng/g with sulfadiazine and 2.8% CV for a sample spiked at 100 ng/g with sulfadiazine.
Yuan et al. (2008) used large gold nanoparticles in mixed self assembled monolayer sensor surface to enhance the detection in SPR assay. Limit of detection (LOD) for chloramphenicol (CAP) was as low as 0.74 fg/mL in aqueous buffer, and the linear working range was between 1-1000 fg/mL. The LOD of CAP in a honey spikedspecimen is 17.5 fg/mL in the detection range 80-5000 fg/mL. The sensor surface was very stable and did not show deterioration even after 400 binding/regeneration cycles.
Antibody based SPR sensor chip for chloramphenicol and chloramphenicol glucuronide residues in poultry muscle, honey, prawn and milk was developed . The decision limits (CCα) for each assay was determined as: poultry (0.005 μg/kg), honey (0.02 μg/kg), prawn (0.04 μg/kg) and milk (0.04 μg/kg) and the detection capabilities (CCβ) were 0.02, 0.02, 0.07 and 0.05 μg/kg, respectively. Poultry muscle, honey and milk were spiked at 0.1 μg/kg and prawn at 0.15 μg/kg and the intra-assay precision (n=10) calculated as 10.5, 5.0, 4.6 and 8.8%, respectively. Between run precision (n=3) performed at the same levels yielded the following results: 3.0% (poultry), 4.7% (honey), 7.6% (milk) and 5.5% (prawn). A flow injection analysis type chemiluminescent biosensor was developed by using the competition between CAP as an analyte and CAP-horseradish peroxidase conjugate as a tracer for binding to an anti-CAP antibody on Biodyne B membrane with photomultiplier tube as light detector (Park and Kim 2006) .The limit of detection of this biosensor for CAP was 10 −8 M. Rapid and sensitive detection of CAP was achieved using SPR. A CAP-amine derivative was synthesized using a polyethylene glycol chain attached to the CAP through a carbamate linkage and immobilized onto a dextran surface. This chemically modified surface significantly changed the binding behaviour between antibody and CAP, shown by both fast association and fast dissociation rates, and created a rapid and sensitive SPR immunoassay of the CAP without any regeneration. The limits of detection achieved for CAP were 32.2 pg/mL in aqueous buffer and 42.4 pg/mL in honey-spiked samples (Yuan et al. 2009) Microbial contamination and hygiene monitoring
Luminescence techniques based on the detection of light generated by enzyme mediated reactions represent some of the fastest assays currently available for the detection of microbial contaminants and are some of the few rapid technologies to be currently utilized extensively in the food industry. Bioluminescence methods have found several niches in the food processing industry. Perhaps the most prominent is as a tool to monitor the efficacy of sanitation. Adenosine triphosphate (ATP) hygiene monitoring has been used in a variety of processing situations, including breweries, dairy plants, meat processing plants and fruit juice operations. Commercial ATP hygiene monitoring kits are available from several suppliers. For assessing microbial load, the ATP bioluminescence technique makes use of the fact that all living cells contain ATP, which is the universal energy donor for metabolic reactions. An enzymesubstrate complex, luciferase-luciferin, present in firefly tails converts the chemical energy associated with ATP into light by a stoichiometric reaction. The amount of light emitted is proportional to the concentration of ATP present and can be easily quantified using a luminometer. The ATP pool within a cell is normally constant. A bacterial cell typically contains one femtogram (1×10 -15 g) of ATP. Thus, the measurement of cellular ATP is a good indicator of biomass. The light produced during the reaction is directly related to the number of metabolically active cells present in the assay. The sensitivity of the ATP bioluminescence assay is such that approximately 1000 cells can be detected.
Modifications of this basic technology, using a coupled cycling reaction involving myokinase and pyruvate kinase, can detect fewer than 100 cells. In another variation of this technique, cellular adenylate kinase is reacted with adenosine diphosphate (ADP) to form ATP, which is then measured using the firefly luciferase reaction. The luciferase, key molecule in bioluminescence, has an anion binding site that influences the conformation of the enzyme. The choice of buffer affects the light emission. The light production by firefly luciferase from a given quantity of ATP is greater in N-tris-(hydroxymethyl) methylglycine (Tricine) buffer than in other buffers, without significant change in the kinetics of light emission or in the wavelength of light emitted (Webster et al. 1980) . Another study showed that inhibition of luciferase was least for acetate and succinate from various acids used to adjust Tris buffer solutions to pH 7.75, the optimum pH for enzyme activity. Tris-acetate buffers were recommended for maximum sensitivity of ATP assays with firefly luciferase (Nichols et al. 1981) .
Bacterial contamination is a major problem in food processing and food residues in process lines serve as source of nutrients. ATP level in swabs taken from areas susceptible to contamination are used as indicator of hygiene. However, some of the ATP is degenerated to adenosine mono phosphate (AMP) in food residues sticking to surfaces on process lines. To monitor this contamination, AMP assay was developed by utilizing polyphosphate-dependent ATP regeneration and bioluminescence reactions with detection sensitivity in a wide range from 0.3-300 pmol per assay (Tanaka et al. 2001) . Microbial contamination of home refrigerators was assessed using ATP bioluminescence assay and compared with standard culture methods. The correlation coefficient between microbial ATP and Aerobic plate count (APC; incubated at 35°C for 48 h) was 0.851 and that between microbial ATP and psychrotrophic plate count (PPC; incubated at 7°C 10 days) on plate count agar was 0.895 (Fur-Chi and Sandria, 2006) . The firefly luciferase from Photinus pyralis, as well as the bacterial luciferaseoxidoreductase system from either Vibrio fischeri or Vibrio harveyi, have been immobilized on preactivated polyamide membranes and used for the micro determination of ATP and sodium dehydrogenase (NADH) in a batch system with the detection limits of 0.1 nM for ATP and 0.3 nM for NADH. The fibre optic biosensor along with a specially designed flow cell was used for the continuous-flow bioluminescent assay of NADH over the range 2 pM-1 nM with an r.s.d. of 3.4% at 0.1 nM. A multifunction biosensor for the determination of either ATP or NADH using a single bioluminescence-based fibre optic probe was developed by co-immobilizing the firefly luciferase with the bacterial system on the same preactivated polyamide membrane (Blum et al. 1991) .
Various techniques can be used in conjunction with ATP bioluminescence to enhance the sensitivity and specificity. The techniques like chemiluminescent in situ hybridization (CISH), immunomagnetic separation (IMS), lysing of cells using bacteria specific phage to get specificity and enzyme immunoassay using pyruvate phosphate dikinase (PPDK) as label. In addition to ATP measurement to monitor total microbial load, rapid detection of indicator organisms would help in early detection of pathogens. Chemiluminescent in situ hybridization (CISH) uses peroxidase-labeled peptide nucleic acid (PNA) probes targeting speciesspecific rRNA sequences for rapid detection, identification and enumeration following membrane filtration and has recently been described for a variety of bacterial species, including P. aeruginosa and E. coli (Stender et al. 2001) . PPDK catalyzes the formation of ATP from AMP, PPi (diphosphate) and phosphoenolpyruvate (PEP). The assay for PPDK was highly sensitive with a low background because it was not affected by adenylate kinase, which generates ATP from 2 mol of ADP and is present in various microorganisms. The detection limits of this method for α-fetoprotein and insulin were 2.79 × 10 −18 and 9.26 × 10 −17 mol per assay, respectively (Ito et al. 2000) .
Specific capture and enrichment of bacteria from complex food matrices by IMS for detection by various methods was elaborated by Bhunia (2008) . A chemiluminescence biosensor coupled with IMS enrichment for Salmonella typhimurium was reported (Varshney et al. 2003) . Pourima et al. (2002) reported use of an IMS technique for the rapid and efficient separation of Naegleria fowleri, a free-living amoeba found in various freshwater for its detection. Ryumae et al. (2010) developed method for detecting Flavobacterium psychrophilumis using high gradient magnetic separation with flow cytometry. However, the immunomagnetic bead method does not necessarily allow a distinction to be made between living and non-viable cells or provide stringent specificity, whereas phage lysis can give both. A combination of the two techniques maximizes the benefits of both in terms of specificity, allowing sensitive identification of viable bacteria in a mixed sample, but this is at the expense of requiring almost an hour to complete the assay. The limit of detection using these methods for E. coli O157 as the test organism was 10 2 cells/mL (Squirrel et al. 2002) .
The bioluminescent ATP assay can be used to monitor total microbial populations on fresh-cut melon after preparation and during storage for quality control purposes to establish specific sell-by or consume-by dates. Fresh-cut cantaloupe prepared immediately from unsanitized whole melons gave an ATP value of 5.40 log fg/g corresponding to 3.42 log CFU/g. The same for fresh-cut honeydew 3.94 log fg/g ATP corresponding to 1.97 log CFU/g (Ukuku et al. 2005) . Positive linear correlations for ATP concentrations and microbial populations were found for fresh-cut cantaloupe (R 2 =0.99) and honeydew (R 2 =0.95) during storage at 5°C for up to 12 days. The ATP bioluminescence assay with different preincubation procedures (at 15°C for 25 h or at 21°C for 25 h in the presence of an inhibitor system to prevent Gram-positive bacterial growth) yielded good correlation between the ATP method and plate count for milks with counts above 1×10 4 CFU/mL (Bautista et al. 1992 ). The assay was tested on fecal contamination of bovine carcass produced an acceptable correlation with plate counts (r=0.85, p<0.001) and gave about 90% agreement with plate counts for carcass rinses with counts above 5×10 4 CFU/mL (Bautista et al. 1995) . Viable counts on lean and adipose bovine-carcass surface tissue showed good correlation (r>0.90) with ATP bioluminescence measurement and this can be used to detect fecal contamination on red meat carcasses and to gauge effectiveness of decontamination (Siragusa and Cutter, 1995) .
ATP bioluminescence can be used to quantify the level of bacteriocin and threshold of bacteriocin to inhibit growth.
Total adenylic-nucleotides in a cell are good indicators of cell growth. Nisin is a bacteriocin which induces leakage of adenylic-nucleotides and ATP. The adenylic-nucleotides are converted to ATP and then bioluminescence was used for quantifying ATP. The effectiveness threshold, corresponding to a 100% inhibition of L. cremoris growth, was obtained for a null concentration of intracellular nucleotides. For an initial concentration of 1.4×10 7 bacteria/mL, the nisin effectiveness threshold was 3.4±0.01 mg nisin/L (Valat et al. 2003) . Compared to traditional assay of antibiotic residues in milk by acid production, ATP bioluminescence is rapid and less complex (Hawronskyj et al. 1993 ).
Detection of heavy metals, adulterants and other toxic compounds
Beside the above discussed harmful substances, toxins, urea, toxic influents, phenolic compounds and toxic protein also form a major class of food contaminations. Fractal analysis binding and dissociation kinetics was used for detection of toxin and pollutants (Sadana and Sadana 2011) . Rapid detection and continuous monitoring of these contaminants in process lines is essential for food safety. These toxic substances either initiate undesirable/lethal reactions or inhibit vital respiratory and metabolic functions or processes in cells. The toxicity effects on cells due to exposure these toxic substances serves as basis of detection. Hence, a microbial or whole cell biosensor shows greater promise in these cases. A microbial or whole cell biosensor is an analytical device that couples microorganism/whole cell with a transducer to enable rapid, accurate and sensitive detection of target analyte in fields as diverse as medicine, environmental monitoring, defense, food processing and safety. A microbial biosensor consists of a transducer in conjunction with immobilized viable or non-viable microbial cells. Non-viable cells obtained after permeabilisation or whole cells containing periplasmic enzymes have mostly been used as an economical substitute for enzymes and viable cells make use of the respiratory and metabolic functions of the cell.
A biosensor based on mammalian metallothionein (MT) for the detection of metal ions was developed and characterized (Wu and Lin 2004) . MT was immobilized onto a carboxymethylated dextran matrix as a biosensor for the detection of metal ions by surface plasmon resonance (SPR). The optimal pH for the immobilization step was determined to be 4. The temperature for the analysis was also defined, and the highest interaction was observed at 30°C. The MT sensor chip binds cadmium (Cd), zinc (Zn) or nickel (Ni), but not magnesium (Mg), manganese (Mn) and calcium (Ca). Calibration curves for the quantification of metal ions showed excellent linearity. The sensitivity for metal detection is at the micromolar level. The interaction between the metal ions and the sensor chip is influenced significantly by the presence of NaCl, Tween 20 and the pH of the reaction buffer. By decreasing the NaCl in the reaction buffer to 1 mM, the MT chip effectively differentiates cadmium from zinc and nickel. Kinetic parameters of the metal-MT interactions were also determined by using this chip. The binding affinity between the metal ions and the immobilized MT follows the order of cadmium > zinc > nickel, which is the same as that determined for MT in solution. Thus, the MT chip can be an effective biosensor for the detection and measurement of several metal ions. Alpat et al. (2008) (Eroshin et al. 2002) . Uncomplexed EDTA and Ca-EDTA had the highest affinity to the EDTA-degrading system; Mn-EDTA showed the highest inhibitory effect. Results obtained offer considerable scope for the development of microbial biosensors sensitive to extremely low concentrations (5-100 μM) of EDTA.
Recently, genetically engineered microorganisms based on fusing of the lux, gfp or lacZ gene reporters to an inducible gene promoter have been widely applied to assay toxicity and bioavailability. The recent trends, current advances and prospective future direction in the development and application of microbial biosensors have also been discussed (D'Souza 2001; Lei et al. 2006) . Industrial wastes are often susceptible to overload of toxic influents. The potential for biosensors to contribute to on-line toxicity testing for monitoring of water quality is currently constrained both by the relevance of the biosensors available and the technology for biosensor delivery. Horsburgh et al. (2002) reported the use of novel slow release biosensor delivery for on-line monitoring instrumentation, with environmentally relevant bacteria for both simple toxicity testing and more complex toxicity fingerprinting of industrial effluents. The on-line toxicity test, using bioluminescence-based biosensors, proved to be as sensitive and reliable as the corresponding batch test, with comparable contaminant EC 50 values from both methods. Toxicity fingerprinting through the investigation of the kinetics (dose-response) and the dynamics (response with time) of the biosensor test response proved to be diagnostic of both effluent type and composition. Furthermore, the slow release of biosensors immobilized in a polyvinyl alcohol (PVA) matrix greatly improved biosensor delivery, did not affect the sensitivity of toxicity testing, and demonstrated great potential for inclusion in on-line monitoring instrumentation. However, the natural bioluminescent bacteria can be particularly sensitive to some industrial wastes and therefore their response to normal operational conditions does not reflect the status of the microbial community responsible for treatment. Moreover, the salt dependence of the marine bioluminescent bacteria, and the temperature sensitivity of some strains, further complicates their use. A hand-held luminometer was designed for laboratory or field use, and the immobilization system designed with several things in mind: the geometry of the instrument; the need for containment of genetically modified bacteria; the maximization of the bioavailability of the wastewater to the biosensor. The performance of a genetically modified sensor was compared with Vibrio fischeri in liquid culture and after immobilization in thin films of PVA cryogels. The biosensors were tested against pure phenol and 3-chlorophenol as a reference toxic chemical known to be much more toxic to bacteria than phenol. The biosensors were then tested with the industrial wastewater containing phenols. The immobilization system proved to operate predictably with pure toxicants, and was able to discriminate toxicity of various zones within the wastewater treatment plant (Philp et al. 2003) .
A microbial biosensor was developed for the determination of phenolic compounds and the measurement was based on oxygen consumption in relation to analyte oxidation. Induced cells of Pseudomonas putida DSM 50026 were immobilized on the surface of SPG electrodes covered with cellulose acetate membrane by means of gelatin which was then cross linked with glutaraldehyde. The systems were calibrated for different phenolic substances. Detection ranges were 0.1-1.0 μM for phenol and 0.05-1.0 μM for L-tyrosine and L-DOPA, respectively, with a response time of 3 min. An optical biosensor with 3-methyl-2-benzothiazolinone hydrazone (MBTH) immobilized in a hybrid nafion/sol-gel silicate film and laccase in a chitosan film was used for the detection of phenolic compounds like catechol, guaicol, o-cresol and m-cresol. The detection of product Quinone and phenoxy radical by enzymatic oxidation was done spectrophotometrically. It was observed that immobilization has increased enzyme selectivity towards catechol among other substrates. The detection range of catechol, response time, reproducibility and stability of biosensor was found to be 0.5-0.8 mm, 10 min, 5.3% and 2 months, respectively (Abdullah et al. 2007 ).
Simple test based on enzyme inhibition for the detection of mercury in aqueous medium by urease immobilized in alginate beads. Effect of mercuric ion on the activity of soluble as well as immobilized enzyme was investigated. Hg 2+ exhibited a concentration-dependent inhibition both in the presence and absence of the substrate. The alginate immobilized enzyme showed less inhibition. There was no leaching of the enzyme over a period of 15 days at 4°C. The inhibition was non-competitive and the K i was found to be 1.26×10
−1 μM. Time-dependent interaction of urease with Hg 2+ exhibited a biphasic inhibition behavior in which approximately half of the initial activity was lost rapidly (within 10 min) and reminder in a slow phase. Binding of Hg 2+ with the enzyme was largely irreversible, as the activity could not be restored by dialysis. The significance of the observations is discussed elsewhere (Prakash et al. 2008) . A fiber-optic biosensor for urea based on the immobilization of urease at the sensing tip of a fluorescence-based ammonia gas-sensing fiber-optic chemical sensor was proved to be quicker than both conventional potentiometric ammonia gas-sensing electrode and a similar absorbance-based fiber-optic urea biosensor (Rhines and Arnold 1989) . The resulting urea biosensor was useful for the determination of urea in diluted serum samples. In order to increase the enzyme loading to get much wider linear response range of samples, the sol-gel films were stacked to immobilize indicator Nile blue chromoionophore (ETH 5294) and urease enzyme separately without the need of any chemical attachment procedure (Alquasaimeh et al. 2007) . The linear response range of up to 100 mM urea was observed. Analysis of urea in urine samples with this optical urea biosensor yielded results similar to that determined by a spectrophotometric method using the reagent p-dimethylaminobenzaldehyde (R 2 =0.982, n=6). Narang et al. (1997) demonstrated an evanescent wave fiber-optic biosensor using sandwich immunoassay scheme for detecting a potently toxic protein-ricin. They described two method of immobilization of anti-ricin IgG antibodies viz. cross linking of antibody to silanized fiber and avidin-biotin bridge between biotinylated anti-ricin IgG and avidin-coated fibers. The assay using the avidinbiotin linked antibody demonstrated higher sensitivity and wider linear dynamic range than the assay using antibody directly conjugated to the surface. The linear dynamic range of detection of ricin in buffer was found to be 100 pg/mL. The higher sensitivity of this binding is attributed to the specific interaction of lectin activity of ricin towards the avidin coated fibers. Anderson and Nerurkar (2002) evaluated the performance of fluorescent dye Alexa Fluor 647 (AF647) as an alternative to Cy5 for immunoassays on the RAPTOR, a fiber optic biosensor based sandwich fluoro-immunoassays on the surface of small polystyrene optical waveguides. The advantages of Alexa Fluor 647 such as lesser degree of self quenching and higher dye to protein ratios were demonstrated in both direct binding assays as well as in a sandwich immunoassay for staphylococcal enterotoxin B.
Hodnik and Anderluh (2009) described the use of SPR for rapid detection of toxins along with other methods. Their review covers successful use of SPR for detection of bacterial and dinoflagellate toxins, mycotoxins and plant toxins. With concerns for genetically modified organisms (GMO) in food supply chains, there is a need for rapid and automatable approach for the detection of GMO. Pollet et al. (2011) evaluated fiber optic SPR biosensor with nanobead signal enhancement for the fast and accurate detection of peanut allergens in complex food matrices. The detection limit for Ara h1 pea nut allergen was improved by two orders of magnitude from 9 to 0.09 μg/mL. Surface plasmon resonance (SPR) and biosensor technologies can be used to monitor real-time hybridization between oligonucleotide or PCR-generated probes and target singlestranded PCR products obtained using DNA isolated from normal or transgenic soybeans and corn as substrates. Gambari and Feriotto (2006) reviewed various aspects of this single step, nonradioactive detection method of GMO.
Summary
Food quality and safety is of paramount importance from health as well economic point of view. Optical biosensors in general and SPR and fiber optic biosensors in particular are very useful in detecting pathogens, pesticide and drug residues, hygiene monitoring, heavy metal ions and other toxic substances. The phenomena used in majority of these sensors are SPR, fluorescence, luminescence. The sensitivity and specificity of the fiber optic sensors can be enhanced by combining other techniques such as immuno magnetic separation, bacteriophages and chemiluminescent in situ hybridization with these phenomena. Further developments in optics and microfluidics will lead to miniaturization and wider use of the optical biosensors in food safety. These developments will assure the quality and safety for domestic consumers as well as meet the sanitary and phytosanitary as well as other quality standards, which are norms of international trade. Efforts are needed to develop techniques for predicting the internal quality parameters of food materials using biosensors.
